Introduction
To date, many photopolymers have been investigated for their suitability as holographic recoding media. Among those, dye sensitized PVA/Acrylamide films are important on account of its high diffraction efficiency (DE), high SNR, ease of fabrication etc [1] [2] [3] [4] [5] [6] [7] [8] . The acrylamide (AAm) based films generally consist of a binder, one or two monomer, an electron donor (ED), and a dye. When a dye molecule absorbs a photon in the presence of an ED, free radicals are produced that cause local polymerization of AAm. A corresponding variation occurs in the local refractive index (RI) of the material [9] . This variation is not only attributed to bond conversion in the polymerization process, but also to the secondary effect, whereby the local density is modulated as mass transport occurs during the recording. Though the AAm-based photopolymer is a self-developing dry layer, the stability of gratings depends strongly on small variations in laboratory conditions (relative humidity and temperature) and the efficiency decreased on storage [5, [9] [10] . To a great extend, the stability of the grating depends on the reconstructing wavelength also. This is because when the same wavelength is used for reconstruction, the residual dye and monomer react, which results the lowering of RI modulation and hence the DE [5, 11] . Often, the gratings recorded on PVA/AAm films were stabilized by UV curing, incoherent or coherent illumination, thermal treatment etc. [12] [13] [14] [15] . Since heating the film (~80°C) causes problems due to the change in thickness of the hologram, it is not recommended.
During UV curing special attention has to be made and hence of the different methods used, the most effective are illuminating the grating with incoherent or coherent light. Of the two types of illumination, coherent light cannot be considered more effective (a great deal of energy is needed to stabilize the plate) and so stabilizing the plate with ambient light is recommended because of its low cost. In the case of methylene blue (MB) sensitized films, the leucodye is not stable even after coherent or incoherent illumination. Due to this problem, during Chapter 6 Applied Optics Division, Dept. Physics, CUSAT 200 reconstruction, the dye molecules absorb the incident intensity and which results in a decrease of efficiency. The stability of leucostate is also equally important in this regard.
When a photopolymer is used in holographic data storage, the stability of recorded data is a major challenge and the media should be free from all fixing process. Though 70% efficiency was obtained for MBPVA/AAm films fabricated in our laboratory, the efficiency was found to be decreased on storage (Section 5.10). The efficiency drop is mainly due to the reconversion of dye molecules from leucoform and the monomer diffusion after the recording process. In the case of dye sensitized films the addition of organic crosslinkers like methylene dimethyl acrylamide (MBA) were reported to be not successful as the efficiency decreased [5] . As an attempt to improve the storage life, another organic crosslinker gluteraldehyde (GA) is incorporated. As metal ion doped polymers have made significant impact in holography, as an attempt to improve the storage life of the gratings, few metallic salts were incorporated during preparation [16] [17] [18] [19] .
Among these the dichromated films showed better storage life [20] [21] .The following sections explain the effect of different crosslinkers on the storage life of MBPVA/AAm films.
Effect of Different Crosslinkers on MBPVA/Acrylamide Film
Cross-links are covalent bonds linking one polymer chain to another and due to this the molecular mobility of crosslinked structure is restricted. Cross-links are formed by chemical reactions that are initiated by heat, pressure, or by the mixing of an unpolymerized or partially polymerized resin with specific chemicals called crosslinking reagents. If the material is of photocrosslinking type, when the polymer is exposed to suitable radiation, the sensitizer undergoes photochemical changes leading to RI modulation [22] . Here two types of crosslinkers, one is organic and the other is metal ions, are used. MBPVA/AAm solution was prepared as optimized in Chapter 5. To this different crosslinkers were added and the
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Applied Optics Division, Dept. Physics, CUSAT 201 holographic performance of the modified material was studied by DE measurements, real time transmittance and optical absorption studies. He-Ne laser having emission at 632.8 nm was used for characterization and the gratings were recorded on these films as explained in section 2.9.2.
Organic Crosslinker
Though MBPVA/AAm films were fabricated with MBA as in the reported works, the efficiency was decreased from 40% to 32% within 24hrs [23] [24] . Hence MBA was replaced by another organic crosslinker GA (C 5 H 8 O 2 ), which is a colorless liquid with a pungent odor often used as a bactericide as well as a fungicide. GA is frequently used in biochemistry applications as an amine reactive homo bifunctional crosslinker [25] . GA-crosslinked gelatin is having great importance in photolithography [26] [27] . MBPVA/AAm films were fabricated with different concentrations of GA and gratings were recorded on these films. Of the different GA doped films, one with 0.15M GA showed better storage life. Though there was a sudden decrease in efficiency, the efficiency remained the same (~12%) after 3 days of recording. Fig.6.1 . is the plot of DE of both undoped and GA doped MBPVA/AAm films on storage. As the aimed storage life was not achieved, metal ions were incorporated as crosslinkers. MBPVA/AAm films on storage. In all cases the efficiency was found to be decreased. Though the efficiency decreased, the dichromated films showed better storage life than the undoped films. Hence further studies were done on dichromated films. 
Importance of Chromium Doping
Dichromated PVA (DCPVA) as a real time holographic recording material has been studied during the past few decades by several researchers [19, 28, 32] . [33] [34] . This Cr +5 react with PVA and produces crosslinked PVA and Cr +3 . The Crosslinking should be attributed to the coordination of the hydroxyl group of PVA and the chromic ions produced in the film in the absence of water by reduction of the dichromate [35] . Approximately one C-C bond is broken for every five molecules of dichromate reduced [36] . The over all reaction can be summarized as follows [37] . The photocrosslinked PVA-configuration could be schematically represented as follows [19, 38] . 
Film Fabrication
The films were fabricated using gravity settling method at room were prepared using gravity settling method and the drying period was 48hrs.
Effect of Chromium on Samples with Different MB Concentrations
Gratings were recorded on films with various combinations of MB and 
Self Enhancement of Diffraction Efficiency
The self enhancement (SE) of a hologram is the increase in its efficiency In DCPVA, the SE increases with pH, but it decreases with dichromate concentration and exposure energy [49] . The SE which was observed in DCG gratings (after chemical fixing) was much higher than that observed in DCPVA [50] . This increase may be due to the hardening of gelatin during chemical fixing.
But the increase is a little slower for higher pH values than for lower pH values. A slight SE at low energy was observed in acrylic acid-Cr +6 solution kept in dark due to the formation of Cr +3 [52] . In DCPVA, it was reported that the efficiency increases within 1-3 days depending on the pH and then it decrease [49] . But in the case of MBDCPVA/AAm films, it takes around four months to complete the SE [20] [21] .
The SE process can be characterized by the self-enhancement coefficient, ξ=η t /η 0 and by the self enhancement rate, β= dξ/dt. Where η 0 is the initial DE immediately after the recording and η t is the DE after time t. Highest value of selfenhancement coefficient, ξ =2.082 was observed on 120 th day after recording. The SE coefficient and rate is determined and plotted in Fig.6 .11 and 6.12 respectively.
An increase in the rate is observed during the first month after recording and after that it remained constant for nine months. After that the rate decreased and became constant after 12 months. with Cr +3 ions, which is responsible for the grating formation. The internal stress in the coating increases during drying and exposure times. But when the coating expands by absorbing moisture at room temperature, the internal strain is relaxed and this also contributes to the increase in DE.
Behavior of Dye
The films were exposed to an expanded laser beam of intensity 5mW/cm 
Mechanism of Grating Formation
The mechanism of grating formation can be explained as follows. On exposing to the interference pattern, the MB molecules get excited and electron transfer takes place between MB and TEA [3] .This reaction produce leuco MB and the amine radical and this radical initiates the polymerization reaction.
Polymerization takes place at the region of constructive interference and as a result a monomer concentration gradient occurs which allows the diffusion of monomer from the unexposed to the exposed region. At the same time, the Cr +3 ions obtained by the reduction of Cr +6 crosslink with PVA. Both polymerization and crosslinking contribute to the RI modulation, which leads to the grating formation. The RI modulation in undoped sample was 0.0463 and that for Cr doped sample (which showed SE) was 0.0507. The absorbance modulation occurs during exposure also contribute to the grating formation.
Hologram Recording
Transmission holograms were recorded on MBDCPVA/AAm films using the experimental setup described in section 2.14. The photograph of the recorded hologram is shown in Fig.6 .15. The MBDCG films described in the literature were sensitive to both red and UV-green region [39, 53] . But the sensitivity of MBDCPVA/AAm described here is limited to the red region only and this is due to the low concentration of ADC. DCPVA/AAm films were fabricated to know the feasibility of using the material in lower wavelengths.
Dichromated PVA/AAm Films
Dichromated polymer materials have made a significant impact on optical storage technology [16, 19, 28, 32, [52] [53] [54] [55] .Generally a dichromated system consists of ADC embedded in a polymer matrix. Though dichromated systems were investigated by incorporating different EDs and dyes, no reports were made on the monomer incorporation [22, 41, [56] [57] [58] [59] [60] . Here the holographic performance of DCPVA containing a photopolymerizable monomer (AAm) is evaluated.
Triethanolamine as Electron Donor
Polymer solution was prepared with 10%PVA, AAm (as optimized in section 5.4) and TEA. This solution was sensitized with ADC. Films were fabricated with ADC concentration ranging from 0.001M to 0.05M. Golden yellow films were obtained in all cases, but on storage the films were turned to grayish colour. Gratings were recorded on these films using a 488 nm Ar + laser.
But the efficiency obtained was less than 2% even at an exposure of 1500 mJ/cm 2 .
Though TEA is suitable for xanthene dye doped DCPVA and dye sensitized while using with dichromated systems [22, 30] . Hence films were fabricated with dimethyl formamide DMF as electron donor.
DMF as Electron Donor
Polymer solution was prepared with 10%PVA, AAm (as optimized in The real time transmittance of DCPVA/ADC films on exposing to a power density of 7mW/cm 2 is shown in Fig.6 [64] .
In the present case photodarkening is observed at higher dichromate concentrations, whereas photobleaching was observed at low concentrations of dichromate. The films with 0.0068M ADC showed photobleaching followed by photodarkening.
Here the photochemical reaction is principally between dichromate and ED. If DMF is fully consumed, the photochemical reaction will stop by itself and causes partial photobleaching [64] . 
Diffraction Efficiency Measurements
To optimize the ADC concentration, gratings were recorded on these films using 488 nm Ar + laser by keeping the beam ratio as 1:1 and spatial frequency as 1400 lines/mm. The variation of DE with ADC concentration is plotted in Fig.6 .18.
Highest efficiency of 43% was obtained (exposure of 840 mJ/cm 2 ) for 0.017M ADC. The efficiency obtained for DCPVA/AAm is much higher than that of DCPVA. In conventional DCPVA, the efficiency without fixing process is less than 1% [48] . After thermal fixing, the efficiencies of DCPVA and DCPVA-DMF are 45% and 65% respectively, where the recording fluence is 1000 mJ/cm 2 . The DMF concentration also was optimized (0.21M) and an efficiency of 51% at a recording fluence of 750 mJ/cm 2 was obtained. The advantage of this formulation is that, unlike the conventional DCPVA films, it does not require a thermal development after recording [19, 65] . The efficiency of the material was found to decrease on storage and within one month it was reduced to 20%. The storage capacity of this material is much better than that of MB doped films (storage capacity α 1/ λ) and is 2350 lines/mm. Holograms were recorded on this material using the experimental setup explained in section 2.13. Photograph of the hologram recorded on the optimized film is shown in Fig.6 .19. PVA/AAm films were also fabricated and it showed an efficiency of 51% for an exposure of 750 mJ/cm 2 . The efficiency and sensitivity achieved in this case is much higher than that of conventional DCPVA films (without thermal treatment).
